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The thermal and optical charactertization of aliphatic and aromatic polya¬
mides; aromatic and aliphatic polyesters; and their corresponding block copolymers
are discussed. Two thermal analysis techniques, differential scanning calorimetry
and thermogravimetry were employed to obtain the glass transition temperatures,
(Tg), the melting temperatures, (T^), and the decomposition temperatures, (Tj^), of
the following polymers; poly( cis, trans-1,4-cyclohexalene- trans-1,4-cyclohexane-
dioate); poly(l,4-phenylene terephthalate); poly(l,2-cyclohexanelene-trans-l,4-
cyclohexanedicarboxamide); poly(l ,4-phenylene terephthalamide); poly(2-methyl-1.3-phenylene terephthalate); poly(2-methyl-1,3-phenylene isophthalate); poly(cis-
1,2-cyclohexalene- cis-l,2-cyclohexanedioate); poly(2-methyl-l,3-phenylene isoph¬
thalate ; poly(trans-1,2^cyclohexalene-trans-1,2-cyclohexane-dioate); poly(trans-1.4-cyclohexalene-trans-l,4-cyclohexanedioate); and poly(cis-l,4-cyclohexalene-
traiTS-1,4-cyclohexanedioate).
Polyd,4-phenylene terephthalate), poly(l,4-phenylene terephthalamide), and
poly(trans-l,4-cyclohexalene-trans-l,4-cyclohexanedioate are found to form liquid
crystalline solutions from preliminary examinations using polarizing microscopy.
11
DEDICATION
To my mother, Mrs. D. C. Abengowe-Chigbu, my sister, Dr. (Mrs.)
Chinenyem Ozemela; and my uncle The Honorable Justice C. M. C. Abengowe, for
their constant encouragement and support.
iii
ACKNOWLEDGEMENTS
Special thanks to Dr. Kofi B. Bota and Dr. Malcolm B. Polk for their guidance
and support through the course of this research. I also acknowledge support from







LIST OF TABLES vi
LIST OF FIGURES vii
INTRODUCTION 1
EXPERIMENTAL 11





1 Some Typical Liquid Crystalline Substances 5
2 Glass Transition (T ) and Melting Temperatures
(T^) of Aromatic Pcflyesters 7
3 Glass Transition (T ) and Melting Temperatures
(T^) of Aliphatic Pc^esters 21
4 Glass Transition (T ) and Melting Temperatures
(T^) of the Block C(^olyesters 23
5 Glass Transition (T ) and Melting Temperatures
(T^) of Aromatic arra Aliphatic Polyamides 25
6 Glass Transition (T ) and Melting Temperatures
(T^) of Block Copolfamides 26
7 Decomposition Temperatures (T^) of Aromatic
and Aliphatic Polyesters and Block Copolyesters 41
8 Decomposition Temperatures (T ,) of Aromatic




1 Lameallae arrangement in semicrystalline poly¬
mers 8
2 Some polyamides yielding liquid-crystalline solu¬
tions 9
3 Block diagram of a thermal analysis system 12
4 The Du Pont 910 differential scanning calorimeter 1^
5 Cross-section of the DSC cell
6 The Du Pont thermogravimetric analyzer (a) the
module (b) a schematic of the balance and furnace
system... 16
7 DSC Thermograms of a. 7-PEAR-1, b. 1-PEAR-1,c. 3-PEAR-l,d. 6-PEAR-1 27
8 DSC Thermograms of a. 4-PEAR-1, b. 4-PEAR-
2, c. 5-PEAR-1 28
9 DSC Thermograms of a. 7-PEAL-l, b. 1-PEAL-l,
c. 3-PEAL-l,d. 8-PEAL-1 29
10 DSC Thermograms of a. 4-PEAL-1, b. 4-PEAL-2,
c. 6-PEAL-l,d. 5-PEAL-1 30
11 DSC Thermograms of a. 7-PEBL-l, b. 1-PEBL-l,
C. 8-PEBL-l,d. 3-PEBL-l 31
12 DSC Thermograms of a. 6-PEBL-l, b. 4-PEBL-l,
c. 4-PEBL-2, d. 5-PEBL-l 32
13 DSC Thermograms of a. 2-PAAL-l, b. 2-PAAL-2,
c. 2-PAAL-3 34
14 DSC Thermograms of a. 2-PAAR-2, b. 2-PAAR-3,
c. 2-PEBL-2, d. 2-PEBL-3 35
15 TGA Thermograms of a. 7-PEAL-l, 7PEAR-1, 7-
PEBL-1; b. 1-PEAL-l, 1-PEAR-l, 1-PEBL-l
16 TGA Thermograms for a. 3-PEAL-l, 3-PEAR-l,
3-PEBL-l; b. 6-PEAL-1, 6-PEAR-1, 6-PEBL-l 46
vii
LIST OF FIGURES (CONT'D)
Figure Page
17 TGA Thermograms of a. 4-PEAL-l, ^PEAR-1,
4-PEBL-l, b. 4-PEAL-2, 4-PEAR-2, 4-PEBL-2 47
18 TGA Thermograms of a. 5-PEAL-l, 5-PEAR-l, 5-
PEBL-l,b. 8-PEAL-l, 8-PEAR-1, 8-PEBL-l 48
19 TGA Thermograms of a. 2-PAAL-l, 2-PAAR-l,
2-PABL-l, b. 2-PAAL-2, 2-PAAR-2, 2-PABL-2 49
20 TGA Thermograms of 2-PAAL-3, 2-PAAR-3, 2-PABL-3 .... 50
viii
INTRODUCTION
Thermal methods of analysis have become increasingly important analytical
tools in polymer industry and research.^ This is due to the development of several
instruments designed to analyze milligram samples which yield satisfactory
quantitative and qualitative data. Among these instruments are the Du Pont 990
Thermal Analyzer with modules, for example, for differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and dynamic mechanical analysis
(DMA); and the Perkin Elmer series DSC-IB, and DSC-2, with module attachments
for TGA.
The differential scanning calorimetry technique is based on the original
classical differential thermal analysis (DTA) and gives quantitative calorimetric
results. The technique provides a measurement of the rate, magnitude, and
temperature at which chemical or physical changes occur in a substance or system
during programmed heating or cooling. That is, it provides a measure of the
thermal energy per unit time, dq/dt, transferred to or from a sample as the
2
temperature of the sample is changed at a linear rate. In classical DTA, the
differential temperature between sample and reference is plotted versus tempera¬
ture of sample. The DSC differs from DTA in that it measures the difference in
electrical power required to maintain a linear temperature increase for the
sample and reference. The differential power input, recorded as a function of
temperature is directly proportional to' the energy involved in a thermal
transition.
The merits of the DSC technique compared with other analytical techniques
such as gas-liquid chromatography and infrared spectroscopy are the simplicity of
operation and its suitability to the analysis of polymeric materials.^
2
In TGA the weight loss of a sample is measured continuously while its
4
temperature is increased at a constant rate. The main use of the TGA technique
has been to study thermal decomposition and stability. Kinetic parameters can
also be obtained by studying the shape of the TGA thermogram, specifically the
order of the reaction and the activation energy and frequency factor in the
5-8
Arrhenius equation. Compared with isothermal methods of obtaining kinetic
data, some advantages of the TGA method are 1) considerably fewer data are
required; 2) the continuous recording of weight loss versus temperature ensures
that no features of the pyrolysis kinetics are overlooked and 3) a single sample is
used for the entire TGA trace. A disadvantage, however, is that it is more
difficult to maintain precise temperature control for kinetic experiments.
A major objective of the polymer research which is now being conducted in
our laboratories has been to prepare and characterize liquid crystalline or
mesomorphic polymers and block copolymers. Such polymers have become of
great interest in the recent past because they shed light on theories of
9 10
macromolecular and supramolecular structure and organization, ’ and also
appear to play a unique role in the fabrication of ultrahigh-strength polymeric
materials.
Observations of what is now commonly called the liquid crystalline state or
mesomorphic state was first made by F. Reinitzer in 1888 when he observed that
cholesteryl benzoate melted in two stages: at 145° into an opaque or turbid melt
and then at 178° into a clear melt.^ Two years later, O. Lehmann made the same
12
observation about ammonium oleate and p-azoyphenetole. Subsequent to these
observations, G. Friedel did a comprehensive study of the optical properties of
12
these substances exhibiting multiple melting transitions. Despite attempts
3
made by many scientists, notably W. Nernst et^ to explain the phenomenon as
due to the colloidal effects of small crystals suspended in isotropic liquid or to
impurities, the mesomorphic state as a true state or matter intermediate between
solids and liquids was gradually accepted. About one in two hundred organic
12
compounds have now been found to be mesomorphic.
12
Friedel classified liquid crystals into three types of structures:
1. The smectic mesophase. This is a turbid, viscous state with properties
reminiscent of those found for soaps. Smectic liquid crystals consist of a parallel
matrix of molecules arranged in layers. The layers are free to slide over one
another, giving the substance the mechanical properties of a two-dimensional
fluid. This mesophase shows the highest dimensional order and is the most solid¬
like of the three.
2. Nematic mesophase. This is a turbid but mobile state and has been found to
exhibit thread-like textures when examined under a microscope. In the nematic
mesophase, the molecules are arranged with their long axes parallel but are not
arranged in layers and thus have one-dimensional order.
3. Cholesteric mesophase. This mesophase occurs only in optically active
materials and corresponds to a twisted nematic layer which results in a helical
structure. The name cholesteric was given because many of the compounds which
exhibit this mesomorphism are derivatives of cholesterol. Cholesterol itself,
however, is not mesomorphic.
Within the type of structures given above, Friedel also classified liquid
crystals into two groups;
1. Thermotropic — observed when a suitable compound is heated to a
temperature above which the crystal lattice is unstable, and
4
2. Lyotropic — formed when certain compounds are treated with
solvents.
A pertinent question in liquid crystal studies is how the mesomorphism is
detected. Like solid crystals, all three types of liquid crystals are birefringent or
doubly refracting; that is, a beam of unpolarized light incident on them is split
into two components whose transverse vibrations are at right angles to each other
13and thus emerge as parallel beams of polarized light. The optical properties of
mesophases have been studied mostly by the combined techniques of hot-stage and
polarization microscopy. These enable substances under microscopic observation
to be heated to the temperature ranges within which their mesophases are stable,
and the transition points between phases to be determined. Intense bands of
colors are seen when a liquid crystalline phase is viewed between crossed Nicol
prisms of the polarizing microscope. In addition to the property of birefringence,
cholesteric mesophases are also circular dichroic. Here, unpolarized light
incident on the material is broken into two components; one of these components
is transmitted and the other is reflected. This property gives the cholesteric
phase a characteristic iridescent color when illuminated by white light.
No firm rules have yet been formulated to predict whether a particular
compound will be liquid crystalline. However, some correlations between
molecular geometry and liquid crystallinity can be established. In general, the
molecules are elongated, relatively straight and rigid and in some cases, flattened.
This shape favors a parallel alignment of the molecules. It has also been found
that molecules which yield liquid crystalline phases often have strong dipoles
toward their centers and weak dipoles toward their ends. Some typical liquid
crystalline substances are shown in Table 1. Note that the molecular structures
5
Table 1. Some Typical Liquid Crystalline Substances.
No. Name Formula Nematic Range
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can be represented schematically as
with n = 0, 1 or 2. The need for rigidity is satisfied, in general, by restricting the
linkage groups to those containing multiple bonds. A list of typical linkage
groups and substituents which can be combined to form potentially mesomorphic
compounds is given in Table 2.
It had been suspected for some time that polymeric systems could form
mesomorphic phases. For example, the lamellar arrangement in semicrystalline
materials is similar to the general organization in smectic phases (see Fig. la).
Extended, parallel chains lacking lateral crystallographic register (Fig. lb)
characteristic of a uniaxiaily strained elastomer is another example of a
morphology that is reminiscent of the organization and symmetry of the nematic
phase. Following the work of S. Kwolek, which appeared in the patent
literature, many polymer systems which exhibit mesomorphism that include
both classes of liquid crystals, thermotropics (liquid crystalline melts) and
lyotropics (polymer solutions) have been prepared. Morgan has prepared a
variety of aromatic and extended chain polyamides yielding liquid crystalline
solutions (see Fig. 2).^^ Jackson and Kuhfuss have also prepared copolyesters by
the acidolysis of polyethylene terephthalate with p-hydroxybenzoic acid that have
19been shown to form mesomorphic melts.
The objectives of the research effort in our laboratories have been to
prepare and characterize mesomorphic block copolymers and substituted block
copolymers of poly(cyclohexylene-cyclohexanedicarboxamide-b-phenylene tereph-
Table 2. Glass Transition (T ) and Melting Temperatures (T^) of the Aromatic Polyesters.
Polymer Code Name T^/^C T^^C T^/*^c
Poly(l,4 phenylene terephthalate)
7-PEAR-l n 320 550













Fig. 2. Some polyamides yielding liquid-crystalline solutions.
10
thalamides) and poly(cyclohexylene-cyclohexcine-dicarboxylate-b-phenylene tereph-
thalates). By varying the substituents, we expect to optimize the thermoplastic
elastomeric properties of the block copolymers.
EXPERIMENTAL
Calorimetry
A Du Pont 990 Thermal Analyzer with modules for DSC and TGA was used
for all measurements. The block diagram of a generalized thermal analysis (TA)
system is shown in Fig. 3. The sample is placed in an environment, the
temperature of which is regulated by some form of a temperature programmer.
Changes in the sample are monitored by an appropriate transducer which produces
an electrical output, the analog of the chemical or physical change. This output is
amplified electronically and applied to the readout device, usually a potentiome-
tric recorder.
The temperature programmer must be capable of holding the temperature of
the sample environment at some constant value (isothermal operation) — either
below, at or above ambient — and of varying the temperature at some known
function of time (usually linear), the rate of which is selectable. Appropriate
heaters and temperature-sensing feedback control elements are incorporated in
the sample environment.
The transducer is closely coupled to the sample and is specific for the
particular measurement being made. The amplification systems are usually
matched to the particular transducer, but, in general, they are high gain, low noise
d.c. amplifiers.
The output device that has gained the greatest popularity is the X-Y
recorder. The dependent variable is plotted on the Y-axis against the sample
temperature on the X-axis. In the case of isothermal operation, however, the X-



















Fig 3. Block diagram of a thermal analysis system
13
A variable that affects the output of all TA methods is atmosphere.
Provisions for operation in a variety of atmospheres, both inert and reactive, and
at both elevated and reduced pressures must be provided in all TA equipment.
The Differential Scanning Calorimeter. Fig. 4 shows the Du Pont 910 Differential
Scanning Calorimeter used for all calorimetric determinations. A block diagram
of the elements of the calorimeter is shown in Fig. 5. The temperature range of
this calorimeter is from - 180° to 725°.
Inside the measuring cell of the calorimeter are two symmetrical sample and
reference pan platforms. The resistance thermometers and heating unit built into
the base of the platforms serve as primary temperature control unit of the
system. A secondary temperature control unit maintains a zero temperature
difference between the two platforms by means of a heating current. This amount
of heat, measured as an electrical input necessary to maintain a null temperature
difference is plotted as a function of time or temperature.
Note that the sample and reference are heated separately by individually
controlled elements (see Fig. 5). The power input to the heaters is adjusted
continuously in response to any thermal effects in the sample.
The instrument reference and sample chamber were purged continuously by
nitrogen at a rate of ca. 40 ml/min for all the calorimetric determinations.
The instrument was temperature calibrated with indium, mp 156.6°. Data
was recorded on corrected Du Pont TA chart paper. The majority of
measurements were made at a scanning rate of 20° per min at sensitivities of 5 -
50 mV/cm.
Samples for DSC determinations may be in any form; powder, pellets, fiber,
etc. Samples for our work were prepared by Polk and Akubuiro, and were received
14
Fig. 4. The Du Pont 910 differential scanning calorimeter.
Fig 3. Cross-section of the DSC cell.
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in powder form. Five to ten mg. samples were used, encapsulated in
hermetically sealed aluminum pans to ensure good thermal contact. Empty pans
were used as reference in contrast to classical DTA.
The thermogravimetric system. A diagram of the Du Pont 951 TGA used in our
studies is shown in Fig. 6. The temperature range of the instrument is from
ambient to 1200°. In the 951 TGA module, the transducer is a photo-sensitive null
detector, which is positioned at one end of the balance. It comprises a pair of
photo-sensitive diodes. The diodes are connected in series opposition. The pivot
point of the balance is a taut-band torque motor, similar to the moving coil
assembly used in a sensitive milliammeter. The other arm of the balance is a
quartz rod from which a sample boat is suspended within a quartz glass envelope.
Sample sizes that can be used in the 951 TGA range from 1 to 300 mg. The
sensitivity of the instrument is down to a few micrograms of weight change.
Samples are weighed at the initial step of the experiment. Changes in sample
weight during programmed heating cause the balance to rotate. The flag (part of
the transducer, connected to the balance arm) is moved so that the amount of
light falling on each diode is unequal. The resulting non-zero emf is amplified and
used as the input for the vertical Y-axis of the recorder. The horizontal X-axis of
the recorder is used to indicate temperature or time.
The furnace assembly was purged continuously by nitrogen during the
experiments.
Data was recorded on corrected Du Pont TGA charts.
Optical Microscopy
Saturated solutions of the polyamides and block copolyamides were prepared






















Fig. 6. The Du Pont thermogravimetric analyzer (a) the module (b) a schematic
of the balance and furnace system.
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mixture. Similar solutions of the polyesters and block copolyesters were also
prepared in o-chlorophenol.
Thin layers of the solutions on a microslide were viewed in polarized light at
lOOX — 400X magnification. The photomicroscope used was the Aus Jena
Amplival Pol.D.
RESULTS AND DISCUSSION
Glass Transition and Melting Temperatures
The glass transition (T^) and melting (T^^) temperatures were determined by
differential scanning calorimetry.
The glass transition temperature is defined as the temperature below which
20
the polymer is glassy and above which it is rubbery or leathery. At very low
temperatues, chain atoms undergo low amplitude vibratory motion around fixed
positions. As the temperature is increased, both the amplitude and the
cooperative nature of the vibrations among neighboring atoms increase. At a well
defined transition temperature, T , segmental motion becomes possible and the
O
material becomes rubbery.
Glass transitions are common phenomena in high polymers although they are
also exhibited by many low molecular weight compounds. The glass transition has
been identified as a second order thermodynamic transition and is thus due to a
discontinuity in heat capacity or thermal expansion coefficient. A discontinuous
change in heat capacity of a sample during a temperature scan will result in a
change in the power necessary to keep the sample temperature equal to that of
the reference. This change in power will be reflected as a shift in base line. The
temperature at which the shift occurs is taken as the T^.
To a first approximation, the T is independent of the degree of crystallinity
O
of the polymer. However, the magnitude of the associated changes occuring at T
S
decreases with a decrease in the amorphous content. Therefore T^ is sometimes
difficult to detect in highly crystalline polymers.
18
19
Knowledge of the glass transition temperature in polymers is important
because it is perhaps the parameter which is most useful in evaluating the
inherent flexibility of a polymer and its rate of response to mechanical stress at
use temperatures. Thus it is the glass transition temperature which gives an
indication of the general type of application for which a polymer will be most
useful.
The factors which affect the glass transition temperature are chain
stiffness, polarity of the chain, symmetry and/or degree of tacticity, crosslinking,
branching and the presence of small amounts of monomer, solvents or plasticizers.
Increased polarity and crosslinking tend to increase T while increased symmetry
and tacticity, branching and monomer and solvent impurities tend to decrease T .
S
A polymer with a stiff chain backbone and rigidly held, bulky side groups will also
exhibit a high T . This is because the flexibility of the chain is reduced so that
O
the polymer must be heated to a high temperature to permit molecular motion.
On the other hand, main-chain flexibility and flexible side chains will decrease the
The changes which occur during melting are characteristic of first-order
thermodynamic transitions. In differential scanning calorimetry, this is observed
as an endotherm on the thermogram.
Unlike low molecular weight compounds which exhibit a sharp melting
transition, the melting endotherms of polymers occur over a broad temperature
range. This is because polymers generally consist of an amorphous matrix in
which microdomains of crystallinity are embedded. Furthermore, there is a
distribution of crystallite sizes of varying degrees of perfection. Since the exact
melting point depends upon crystallite sizes and perfection, smaller crystallites
20
melt at lower temperatures than larger, more prefect ones; hence, the broadening
of the melting endotherm.
The glass transition and melting temperatures obtained for the aliphatic and
aromatic polyesters; the aliphatic and aromatic polyamides and their correspond¬
ing block copolymers are given in Tables 2-6. Typical thermograms are shown in
Figs. 7-14. Note that the T 's were taken as the intersections of extrapolations of
O
the baseline on the low temperature side of the transition and the maximum slope
of the transition. The melting temperatures T^ were taken at the peak of the
endotherms which correspond to the temperatures at which the last traces of
crystallinity in the polymer disappear.
Aromatic polyesters. No T was obtained for poly(l,4-phenylene terephthalate).
O
This could be explained on the basis of symmetry or regularity along the polymeric
chain. The chains probably fit into a crystal lattice, making the polymer highly
crystalline.
Poly(2-methyl-l,3-phenylene terephthalate) also did not exhibit a glass
transition temperature. This cannot be explained on the basis of regularity along
the chain. From structural considerations, this polymer would be expected to
have a low degree of crystallinity. Because of the random shifts in baseline on the
thermogram of this polymer (see Fig. 7) we suspect that the polymer may be of
low purity.
Poly(2-methyl-l,3-phenylene isophthalate) showed a T at 87° for one
8
sample (4-PEAR-l). Compared to a T at 69° for poly(ethylene terephthalate), this
8
value is reasonable. However, note that 5-PEAR-l, which is also poly(2-methyl-
1,3-phenylene isophthalate) but prepared during a different period in time shows a
T of 70°. Such variations in T values for the same polymers prepared at
O O

















Polymer Code Name T /°C T^°C
Poly(cis-1,2-cyclohexalene-cis-l ,2-cyclohexanedicarboxylate 5-PEAL-l b n
b: below room temperature n: nondetected
ro
to
Table 4. Glass Transition (T ) and Melting Temperatures (T^) of the Block Copolyesters.* g
Polymer Code Name T^®C




2 methyl-1,3 phenylene terephthalate
PoIv(trans-1,2-cyclohexalene-trans-hexhydrophthalate;
2 methyl-1,3-phenylene)
7-PEBL-l n n, n
1-PEBL-l o 242, o
&-PEBL-1
3-PEBL-l n 220, o
6-PEBL-l 312






Polymer Code Name T /°C T /°C
g m
Poly(cis-1,2-cyclohexalene-cis-1,2-cyclohexanedicarboxy late;
2 methyl-1,3 phenylene isophthalate) 5-PEBL-l 63 n, n
b: below room temperature n: nondetected o: unobserved
Table 5. Glass Transition (T^) and Melting Temperatures (T^) of Aromatic and Aliphatic Polyamides.















Table 6. Glass Transition (T_) and Melting Temperatures (T„) of Block Copolyamides.
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Fig. 8. DSC Thermograms of a. 4-PEAR-1, b. 4-PEAR-2, c. 5-PEAR-1
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Fig__9. DSC Thermograms of a. 7-PEAL-l, b. 1-PEAL-l, c. 3-PEAL-l, d. 8-PEAL-1.
30
0 100 700 300 400 ‘ino
Temp. °C




LI 1: I J.I I L. I I I I I I I I
0 100 200 300 400 500
Temp.









Fig 13. DSC Thermograms of a. 2-PAAL-l, b. 2-PAAL-2, c. 2-PAAL-3.
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different times are not uncommon.
No melting temperature was observed for poly(l,4-phenylene terephthalate)
before decomposition occurred at 550°. Probably the polymer melts with
decomposition. Since poly(l,4-phenylene terephthalate) has been shown to form a
liquid crystalline melt,^^ the endotherm at 320° is assigned to a solid-liquid
crystalline melt transition. This assignment will have to be checked by hot stage
polarizing microscopy.
The T^. value obtained for poly(2-methyl-l,3-phenylene terephthalate) was
313°. A value of 348° was obtained at a scan rate of 50° per min but a lower scan
rate gives T^ values closer to the equilibrium melting temperatures. Compared
to poly(l,4-phenylene terephthalate), a large reduction in the melting point for
poly(2-methyl-l,3-phenylene terephthalate), which has linkages at the 1,3-
positions and substitution of a methyl group at the 2-position on the phenylene
ring, is not unexpected.
Poly(2-methyl-l,3-phenylene isophthalate) did not show a melting endo¬
therm, probably because it is completely amorphous.
Aliphatic polyesters. No T 's were observed for all the aliphatic polyesters
O
studied.
Poly( trans-1,4-cyclohexylene-trans-l,4-cyclohexanedioate) did not show a
T probably because it is highly crystalline. The same explanation may hold for
O
poly(l,4-cyclohexalene- trans-l,4-cyclohexanedioate) and poly( cis-l,4-cyclohexa-
lene- trains-1,4-cyclohexanedioate).
Poly(trans-l,2-cyclohexalene-trans-l,2-cyclohexanedioate) melted at 68°
and probably has a T below room temperature. Poly(cis-l,2-cyclohexalene-cis-
O
1,2-cyclohexanedioate) probably is a rubber and has T below room temperature.
O
38
It did not show a T^, however, presumably because it is amorphous.
Poly(trans-l,4-cyclohexalene-trans-l,4-cyclohexanedioate) did not melt be¬
low its decompositon temperature. This situation is analogous to that of poly(l,4-
phenylene terephthalate). Poly(1,4-cyclohexalene-trans-1,4-cyclohexanedioate)
and poly(cis-l,4-cyclohexalene-trans-l,4-cyclohexanedioate) with lower symme¬
tries on the alcohol residues, show lower melting points at about 220-250°.
Aromatic polyamides. The T values obtained for poly(l,4-phenylene terephthala-
O
mide) were 125° for one preparation, 2-PAAR-l, and 115° for a second
preparation, 2-PAAR-2. The different values may correspond to different
molecular weights. A lower value of 108° was obtained for poly(4-methyl-l,3-
phenylene terephthalamide). This lower value is expected because of the methyl
substituent and the linkage at the 1,3-position. An exothermic peak was observed
at 332° for poly(4-methyl-1,3-phenylene terephthalamide). Whenever one
observes a crystallization exotherm on heating polymers below their melting
points and above the glass transition temperature, the process is called cold
crystallization. This phenomenon has as yet not been adequately explained even
though it occurs in commercially important materials such as poly(ethylene
terephthalate) and polyurethanes.
Extended chain polyamides do not melt before their decomposition tempera¬
tures. No melting endotherms were obtained for either poly(l,4-phenylene
terephthalamide) or poly(4-methyl-1,3-phenylene terephthalamide).
Aliphatic polyamides. Low T values between 45°-50° were obtained for the
S
three preparations of poly(l,2-cyclohexalene-trans-l,4-cyclohexcur»edicarboxamide).
The T^ for this polymer was also low, at 166°.
Block copolymers. Polymers composed of chemical and stereochemical identical
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units (with the exclusion of terminal groups) are called homopolymers, while a
polymeric chain comprising more than one type of repeating unit is called a
copolymer. There are four types of copolymers; alternating, block or ordered,
graft and random copolymers.
An alternating copolymer has a unit followed by another unit of a different
kind. Random copolymers are characterized by a statistical assignment of the co¬
monomer repeat units along the polymeric chain. Block copolymers are polymeric
compounds consisting of chemically dissimilar, long sequences of homopoiymer or
prepolymers which are terminally connected by covalent bonds. Graft copolymers
are similar to block copolymers except that a sequence of one repeat unit is
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grafted to the main chain of another repeat unit.
In general, block copolymers display properties characteristic of individual
sequences of which they are composed. This additivity property was displayed by
the block polyesters and polyamides which have been thermally characterized in
this study (see Tables 4 and 6).
Thermogravimetry
Thermogravimetry was conducted on the polymers in order to assess the
thermal resistance of the polymers as opposed to their heat resistance. Here, by
heat resistance, we refer to the temperatures at which the glass transition and
melting temperatures occur whereas by thermal resistance we mean the
temperatures at which thermal or thermochemical degradation of the polymer
takes place. Most linear polymers have a lower heat resistance than thermal
resistance; that is, their T^'s and T^'s occur below their decomposition
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temperatures.
However, cross-linked polymers and polymers with very rigid macromole-
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cules may display the opposite behavior, and their heat resistance may be higher
than their thermal resistance. In the thermogravimetric analysis performed in
this study," we found that this property was shown by poly(l,4-phenylene
terephthalate), poly(l,4-phenyiene terephthalamide), poly(4-methyl-l,3-phenylene
terephthalamide), and poly(trans-l,4-cyclohexalene-trans-l,4-cyclohexanedioate).
That is, these polymers decomposed without melting. Their decomposition
temperatures (Tj^) are given in Tables 7 and 8. As seen in Tables 2, 3 and 5, these
polymers did not have melting endotherms. The other polymers in Tables 7 and 8
which have less rigid structures have Tr>'s above T and T . The blockD g m
copolymers have T^'s which are additive of their components. The TGA
thermograms of the polymers are shown in Figs. 15-20.
Optical Microscopy
Extended chain polyamides have been shown to form liquid phases in
solution, while extended chain polyesters do form mesomorphic phases in the
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melt. ’ However, in this work, both types of polymers were examined for their
mesomorphic character in solution. This preliminary examination revealed that
the following polymers and their corresponding block copolymers form meso¬
morphic solutions: poly(l,4-phenylene terephthalamide), poly(l,4-phenylene tere¬
phthalate), and poly(trans-l,4-cyclohexalene-trans-l,4-cyclohexanedioate).
Table 7. Decomposition Temperatures (T^) of Aromatic and Aliphatic Polyesters and Block Copolyesters.
Polymer Code Name
Poly (1,4 phenylene terephthalate) 7-PEAR-1 ' 575
1-PEAR-1 555
Poly (2-methyl-1,3 phenylene terephthalate) 3-PEAR-1 440
6-PEAR-l 470
Poly(2-methyl-l,3 phenylene isophthalate) 4-PEAR-l 480
4-PEAR-2 485
Poly(2 methyl-1,3 phenylene isophthalate) 5-PEAR-l 470
Poly(trans-l,4-cyclohexylene-trans-l,4-cyclohexane dioate) 7-PEAL-l 380
Poly( 1 f 4-cvclohexalene-trans-cvclohexane-l .4 dicarboxvlate) 1-PEAL-l 350
3-PEAL-1 365
Poly(cis-l ,4-cyclohexylene-trans-l ,4-cyclohexanedioate) 8-PEAL-1 365






Poly(2 methyl-1,3-phenylene terephthalate) 6-PEAL -1 300
Poly(cis-l ,2-cyclohexalene-cis-cyclohexane-l ,2-dicarboxylate 5-PEAL -1 300
Poly(trans 1,4 cyclohexylene-trans-1,4 cyclohexanedioate;
1,4 phenylene terephthalate 7-PEBL-l 380, 570
Polyd ,4-cyclohexalene-l ,4-cyclohexanedioate: 1,4-phenylene terephthalate 1-PEBL -1 370, 565
Poly(cis-l ,4-cyclohexylene-trans-l ,4-cyclohexanedioate;
1,4-phenylene terephthalate 8-PEBL-l 360, 570
Polyd ,4-cyclohexalene-l ,4-cyclohexanedioate;
2 methyl-1,3-phenylene terephthalate 3-PEBL-l 365, 445
Poly(trans-l ,2-cyclohexylene-trans-l ,2-cyclohexanedioate;
2 methyl-1,3 phenylene terephthalate 6-PEBL-l 315, 475
Poly(trans-l ,2 cyclohexalene-trans-hexadrophthalate;
2 methyl-1,3-phenylene terephthalate 4-PEBL-l 310, 425
Table 7. Continued.
Polymer Code Name Td/°C
Poly (trans-1,2 cyclohexalene-trans-hexahydrophthalate;
2 methyl-1,3-phenylene isophthalate 4-PEBL-2 310, 450
Poly(cis-l ,2-cyclohexalene-cis-cyclohexane-l ,2-dicarboxylate:
'
2 methyl-1,3-phenylene isophthalate 5-PEBL-1 290, 465
Table 8. Decomposition Temperatures (T^) of Aromatic and Aliphatic Polyamides and Block Copolyamides.
Polymer Code Name V“c
Poly (1,4-phenylene terephthalamide) 2-PAAR-l 565
2-PAAR-2 570
Polyd ,2-cyclohexylene-trans-l ,4 cyclohexanedicarboxamide) 2-PAAL-l 465
2-PAAL-2 460
2-PAAL-3 460
Poly(4-methyl-l,3-phenylene terephthalamide) 2-PAAR-3 450
Polyd ,2-cyclohexylene-trans-l ,4-cyclohexanedicarboxamide;
1,4-phenylene terephthalamide) 2-PABL-l 405, 570
2-PABL-2 480, 585
Poly(1,2-cyclohexylene-trans-1,4 cyclohexanedicarboxamide;










Fig.17,TGAhermogramsofa4-PE L-l,- AR-l,4 PEBL-l;b.L-2,- EAR ,4-PEBL-2.
Weightinmg
Fig.18TGAhermo ramsofa.5-PEAL-l,- AR-l,5-PEBL-l;b.8- AL-l,-PEAR-i,8-PEBL-l.
•p- 00
Weightinmg
Fig.19TGAhermogramsofa2-PA L-l,R-l,2- BL l;b2-PAA 2,BL-2.
IU3
50
Fig. 20. TGA Thermograms of 2-PAAL-3, 2-PAAR-3, 2-PABL-3.
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